INTRODUCTION
Geminiviruses characteristically have bisegmented particles measuring approximately 18 × 30 nm that contain a single protein species and a circular molecule of single-stranded DNA. They can be assigned to two subgroups, one consisting of viruses transmitted by leaf hoppers and having a monopartite genome and the other comprising viruses transmitted by whiteflies and having a bipartite genome (Harrison, 1985) . Two main kinds of abnormality have been observed in the nuclei of cells infected with whitefly-transmitted geminiviruses, one consisting of ordered or disordered aggregates of virus-like particles (Kim et al., 1978; Francki et al., 1979) and the other comprising rings of fibrillar material. Usually only one or a few such rings occur in any one nucleus (Kim et al., 1978 ; Kim & Flores, 1979) . It has been suggested that the rings contain DNA because those induced by a whitefly-transmitted geminivirus from Jatropha gossypifolia were stained by the method of Bernard (1969) (Kim et al., 1986) . It is unclear whether they contain virus particle protein. By comparison with these effects on nuclei, few whitefly-transmitted geminiviruses are known to have large effects on cytoplasmic constituents other than chloroplasts, which, however, may be greatly affected (Jeske & Werz, 1978; Schuchalter-Eicke & Jeske, 1983) .
Cassava grown in many parts of Africa and India suffers from severe diseases caused by geminivirus isolates (Bock& Harrison, 1985) . On the basis of their reactivity with monoclonal antibodies prepared to the type strain of African cassava mosaic virus (ACMV) from Western Kenya, these isolates fall into three groups which correlate with their geographical origins: Group A from west Africa and western Kenya, Group B from east Africa and Group C from India and Sri Lanka . Group C isolates are serologically more distantly related to Group A isolates than are several other whiteflytransmitted geminiviruses (Alton et al., 1988) and it seems best to regard them as a distinct virus, Indian cassava mosaic virus (ICMV) , there is nothing comparable for ICMV. The work described in this paper was done to determine the ultrastructural effects of ICMV and to study the intracellular distribution of its particle antigen by immunogold labelling (IGL).
METHODS
Virus source. ICMV was obtained from a mosaic-affected cassava plant supplied by Dr V. Muniyappa, University of Agricultural Sciences, Bangalore, India. It was transmitted to Nicotiana benthamiana plants by inoculation with sap and subcultured in this species as necessary. These plants did not contain any of the other eight sap-transmissible viruses known to infect cassava (M. M. Aiton & B. D. Harrison, personal communication) . Systemically infected tip leaves were sampled 17 to 20 days after inoculation, at which time virus concentration was high as determined by immunosorbent electron microscopy (ISEM). Pieces of leaf, approximately 1 x 4 mm and containing minor veins and leaf blade tissue, were excised from the basal areas of leaves 40 to 60 mm long showing typical symptoms consisting of mottling and curling. Similar leaves from healthy plants were processed in the same way. Typically, two samples from each of three leaves from three separate plants were processed together and at least three samples from each batch were sectioned and examined.
Fixation and embedding. Healthy and ICMV-infected samples were processed for electron microscopy as described by Fasseas et al. (1989) . Ultrathin sections (silver/gold interference colours) were cut using a Reichert Ultracut E ultramicrotome, heat-stretched (Roberts, 1970) and mounted on pyroxylin-filmed nickel grids (hexagonal, 200-mesh) . For IGL, sections were not always processed immediately; often sections were labelled several days or weeks after they had been cut with no apparent loss of reactivity.
Antiserum. Polyclonal antiserum samples were those prepared by injecting rabbits intramuscularly with purified preparations of ICMV (Lennon et al., 1987) . The reactivity of different bleeds of antiserum was assessed by ISEM and antibody coating (AC) experiments in negative stain, and immunoglobulin (IgG) was precipitated from the most reactive sample by 4 M-ammonium sulphate (Van Regenmortel, 1982) , then resuspended and dialysed against S6rensen's phosphate buffer at pH 6.5. This IgG was stored in 30~ glycerol at 4 °C and used for all gold labelling experiments.
In some experiments the antiserum was absorbed with protein from uninfected plants to decrease non-specific labelling (Fasseas et al., 1989) . The protein was prepared by grinding N. benthamiana leaves to a fine powder in liquid nitrogen, washing the powder several times with acetone and drying it in an oven at 37 °C. To absorb the antiserum, 5 to 10 mg of this protein preparation was added to 100 ~tl of a 1:100 dilution of the antiserum, incubated for 1 h at 37 °C, then centrifuged for 5 min at approximately 2000 g. The supernatant fluid was used for IGL.
ImmunogoM labelling procedure. Preliminary tests indicated that best results were obtained with long incubation times of antiserum and gold probe and the procedure adopted as standard was that of Fasseas et al. (1989) , with all steps being done at room temperature. All antiserum dilutions and dilutions of the gold probe were made in the IGL buffer; the antiserum was used at 5 to 10 Isg globulin/ml and the gold probe was diluted to give an A52 o value of 0.5. Two kinds of gold probe were used, i.e. protein A-gold (PAG) (10 nm gold particles) prepared according to Van Lent & Verduin (1986) and goat anti-rabbit gold (GARG) (20 nm gold particles) obtained from Janssen Pharmaceutica Life Sciences Products.
Three grids, usually containing sequential sets of serial sections, were labelled for each sample, of which one grid was examined without post-staining. This allowed a better estimate of the amount of both specific and nonspecific labelling to be obtained.
To ensure that the IGL was specific for the virus antigen alone, the following six control treatments were included: replacement of the homologous antiserum with an antiserum to an unrelated virus (potato leaf roll virus); replacement of the homologous antiserum with_ normal serum (serum from a non-immunized rabbit); use of the homologous antiserum after absorbing it with protein from uninfected plants; omission of the antiserum step; use of the homologous antiserum on sections of healthy N. benthamiana leaf; use of the homologous antiserum on sections of infected leaf after osmium fixation and uranyl staining.
RESULTS

Four types of virus-induced inclusion
ICMV-infected leaf tissue showed several ultrastructural differences from healthy samples and these changes were confined almost entirely to cells within the vascular bundle, primarily phloem and xylem parenchyma and sometimes adjacent cells in the leaf lamina.
The most common abnormality was inclusions in the nuclei which appeared as large electrondense granular areas within the nucleus, separate and distinct from the nucleolus (Fig. 1) . Close examination of these areas showed them to consist of many hundreds of small, discrete, sometimes paired particles, quite different in structure from either the nucleolus or the nuclear chromatin. In these cells, the densely staining chromatin material was always confined to the periphery of the nucleus (Fig. 1) , an effect which proved to be characteristic of virus-containing nuclei (see below). In some cells, nuclei could be found with peripheral chromatin but no viral inclusions and such nuclei sometimes contained the second type of inclusion, fibrillar rings (Fig.  9) , which resembled those found in cells infected with other whitefly-transmitted geminiviruses (Kim & Flores, 1979; Thongmeearkom et al., 1981; Kim et al., 1986; Rushing et al., 1987) . Examination of serial sections of the fibrillar rings showed that they represent hollow spheres. Neither the granular inclusions nor the fibrillar rings were found in nuclei which had a normal chromatin distribution. In a few xylem parenchyma cells, the nucleus was hypertrophied and about three to five times the normal size (Fig. 2) . Such nuclei were almost always surrounded by numerous mitochondria, some nuclei contained granular viral inclusions and the nuclei themselves were more intensely stained than usual.
The other two types of inclusion body occurred in the cytoplasm but were uncommon. They were found in less than 1 ~ of parenchyma cells. One type, which varied in size but could be larger than the nucleus, appeared to have a paracrystalline structure (Fig. 2, 3 and 4a) . These inclusions were densely stained and consisted of aggregates or short stacks of curved plates which, in suitable orientations, appeared as hollow tubes 30 to 40 nm in diameter (Fig. 4a ). Some such inclusions had fine amorphous material between the aggregates. In tissues which had been fixed with glutaraldehyde alone these inclusions did not have a paracrystalline structure and appeared as angular aggregates of dense amorphous material (Fig. 4b) . Some of the paracrystalline inclusions were adjacent to the nucleus which, in many instances, contained granular inclusions.
The last type, which was even less common and usually smaller than the paracrystalline kind, could often be found in the same cell (Fig. 2 and 5 a) . It contained straight tubules about 20 nm in diameter, which appeared to be empty and single-walled and could be > 1 ~tm long (Fig. 5b) . Apart from the tubules, which lay in a variety of orientations, the inclusions contained only ribosomes; vesicles, mitochondria and Golgi bodies were absent. Tubule-containing inclusions were much more difficult to recognize in tissues fixed in glutaraldehyde alone because the tubules lacked definition.
The only other abnormalities noticed in infected tissue were an abundance of mitochondria around affected nuclei and around the cytoplasmic inclusions, and the occurrence of one cell wall within another (Fig. 6 ). Such cells were uncommon and it is not clear how they are formed. They may be produced by separation of part of the cell wall or by penetration of one cell by another. However, only the 'inner' cell contained cytoplasm indicating that penetration or invagination are unlikely to be the cause. The relevance of these ceils is also uncertain except that parts of their walls were one of the few areas of specific gold labelling other than the nuclear inclusions.
Intracellular distribution of virus particle protein
Highly specific, reproducible gold labelling of samples fixed with glutaraldehyde alone was achieved following the procedure described above and using the appropriate controls. Apart from the occasional gold particle found in the background, there was no labelling of sections of tissues from ICMV-free plants by antiserum to ICMV, nor of infected tissues by normal serum or by antiserum to an unrelated virus. Nor were sections of infected tissue labelled when the treatment with ICMV antibody was omitted. When sections of osmium-fixed infected tissue were treated with ICMV antiserum there was little or no gold labelling, confirming the harmful effect of osmium fixation on some antigens (Roth, 1982; Bendayan & Zollinger, 1983; Langenberg, 1988) . When ICMV antibodies were absorbed with plant proteins before use, infected leaf tissue was labelled with the same degree of specificity as before but somewhat less intensely.
IGL was confined to nuclei showing peripheral chromatin distribution. Where no granular viral inclusion was observed in the nucleus, the labelling was light and evenly dispersed, whereas the granular virus inclusions were strongly labelled (Fig. 7) , the greater labelling density matching the outline of the inclusion (Fig. 8 ). Nucleoli were not labelled, nor was the nuclear chromatin. Labelling of the fibrillar rings varied. In most instances the ring itself remained unlabelled even when the inner and outer areas labelled heavily (Fig. 9) , but a few other rings seemed to have the gold label. Neither the paracrystalline nor the tubule-containing inclusions showed specific gold labelling, but occasionally specific labelling was seen over amorphous electron-dense material in xylem vessels or over cell walls in cells with the unusual appearance of that in Fig. 6 (Fig. 10) . This labelling was weaker than that found in infected nuclei but it occurred even when using homologous antiserum which had been absorbed with plant protein.
These results indicate that ICMV coat protein accumulates in the nucleoplasm in the form of virus-like particles, and imply that it must be rapidly transported into the nuclei from its presumed sites of synthesis in the cytoplasm. i.M. ROBERTS Fig. 9 . A fibrillar ring in an infected nucleus of a phloem parenchyma cell. Glularaldehyde fixation, PAG. The areas inside and outside the ring are labelled but the ring itself is not. Bar marker represents 200 nm. 
DISCUSSION
Many of the ultrastructural changes found in ICMV-infected N. bentharniana cells are similar to those found for other geminiviruses. The changes were found mostly in vascular tissue, especially the phloem but also in some xylem-associated cells and in some cells of the leaf lamina, close to affected vascular elements, as might be expected from a sap-transmissible virus.
The most frequently observed abnormality was the presence of granular nuclear inclusions. Inclusions of virus particles similar to those seen in ICMV-infected leaves are found in leaves infected with beet curly top (BCTV) (Esau, 1977; Esau & Magyarosy, 1979) , Venezuelan tomato yellow mosaic (Lastra & Gil, 1981) , euphorbia mosaic (EuMV) (Kim & Flores, 1979; Kim & Fulton, 1984) , bean golden mosaic (BGMV) (Kim et al., 1978) , ACMV (Horvat & Verhoyen, 1981 ; Adejare & Coutts, 1982) , jatropha mosaic (JMV) (Kim et aL, 1986) , chloris striate mosaic (CSMV) (Francki et al., 1979) , tomato yellow leaf curl (Russo et al., 1980) and mungbean yellow mosaic (MYMV) (Thongmeearkom et al., 1981) geminiviruses. ICMV particles, however, were always seen as irregularly shaped inclusions, and were never found in tubular arrays as exhibited by abutilon mosaic virus (Jeske et al., 1977; Jeske & Schuchalter-Eicke, 1984) or MYMV (Thongmeearkom et al., 1981) , nor as crystalline sheets of virus particles as seen with tomato golden mosaic virus (Rushing et al., 1987) , BGMV (Kim et al., 1978) or maize streak virus (Bock, 1974) . Ordered rows or rod-like aggregates of virus particles similar to those seen with tomato leaf curl virus (Osaki & Inouye, 1978) , CSMV (Francki et al., 1979) or BCTV in spinach (Esau, 1977) were never seen. Although the occurrence of tubular aggregates, crystalline sheets and ordered rows appears to be characteristic of the respective virus infections, absence of these structures in ICMV-infected cells may be due to the fixation procedure because the formation of virus crystals can occur in cells which are water-stressed (Milne, 1967; Hatta & Matthews, 1974) , although this was considered to be unlikely for CSMV (Francki et al., 1979) . Fibrillar ring structures (Kim et al., 1978; Kim & Flores, 1979) were regularly found in ICMVinfected leaf tissue and appear similar to those found for other whitefly-transmitted geminiviruses (Kim et al., 1978; Horvat & Verhoyen, 1981 ; Thongmeearkom et al., 1981 ; Kim & Fulton, 1984) . Their role in infection is unclear. They are not rings but hollow spheroidal shells and from immunogold labelling tests appear not to contain virus coat protein. Gold label could, however, be found inside these spheres, an observation which supports the belief that, with ICMV, they are made late in infection when the nucleus is already full of virus coat protein, some of which is engulfed when the rings are formed. However, in JMV-infected plants, the rings are produced early in infection, before the appearance of virus particles, and have been shown to contain DNA (Kim et al., 1986) . Although the occurrence of fibrillar rings was considered diagnostic for the whitefly-transmitted geminiviruses (Kim et al., 1986) , similar structures have been described for BCTV (Esau, 1977; Esau & Magyarosy, 1979 ) a leaf hoppertransmitted geminivirus.
Cytoplasmic inclusion bodies are not a common feature with geminivirus infections although they have been found in sugarbeet and Amsinckia plants infected with BCTV (Esau & Hoeffert, 1973; Esau & Magyarosy, 1979) and in Datura stramonium infected with EuMV (Kim & Fulton, 1984) , and resemble those found with ICMV in that they contain electron-dense material but differ in that the inclusions in ICMV-infected leaves have a paracrystalline structure when fixed with glutaraldehyde and osmium. Nonetheless, the angular amorphous inclusions found in tissue fixed with glutaraldehyde alone resemble those found for BCTV ( Fig. 2 ; Esau & Magyarosy, 1979) . However, ICMV seems to be unique in producing two distinctly different and separate cytoplasmic inclusions, one of which contains tubules and has not been described previously. Moreover, neither the paracrystalline nor the tubule-containing inclusion contains virus coat protein and their relative rarity would suggest that they are not a necessary feature of virus infection.
Virus distribution within the vascular cells and a low number of virus-containing nuclei have been found for other whitefly-transmitted geminiviruses (Kim et al., 1978 (Kim et al., , 1986 Harrison, 1985) although for some others, the virus may be found in cells other than those of the vascular tissues (Rushing et al., 1987; Adejare & Coutts, 1982; Lastra & Gil, 1981; Osaki & Inouye, 1978; Sequeira & Harrison, 1982) . Unlike BGMV (Kim et al., 1978) , EuMV (Kim & Flores, 1979) or JMV (Kim et al., 1986) , aggregates of ICMV particles were never found in mature sieve elements but specific gold labelling was apparently found on two occasions on intercellular material, even when the antiserum had been cross-absorbed with healthy plant proteins. It is difficult to imagine how virus particles could occur in substantial amounts in intercellular spaces so this labelling may not be specific for viral antigen. Nonetheless, ICMV exhibits many of the characteristic features of geminivirus infections but differs from others in producing two types of inclusion body, which are distinct from any found previously.
